The strength of technical joints formed with (soft) 
INTRODUCTION
A s long as man has built composite structures, the joints connecting various parts have posed a limit to structural strength. This weight saving, while the use of composite materials makes structural bonding almost mandatory because mechanical fasteners carry with them stress concentrations as sites of failure initiation. While the problem of bonding two fiber composite panels is directly dependent on the adhesion of the polymer matrix to the fibers and not only on the narrow region associated with the necessary &dquo;bond-line&dquo; joining the two panels, the following development will, nevertheless, add to understanding some salient features of that problem.
Specifically, we shall be concerned with the problem of time dependent failures of elastic or viscoelastic solids jointed by a polymeric bonding layer.
Like all other problems of strength, the bond strength has its origin in attractive forces between atoms or molecules. Much work has been done on this molecular aspect of bond strength as well as its relation to the surface tension of the bonding agent. Indeed so much work has been done in this regard that a few references cannot do justice to the depth of understanding that has been developed from this viewpoint [1] .
It is our aim in this work to steer away from molecular concepts and to treat the problem of adhesion on a size scale which is large compared to molecular dimensions. We may thus deal either with the microscopic scale on the order of surface roughness [2] or with the much larger scale of a complete joint [3] . From It has been shown elsewhere [7, 8] that the stresses ahead of the tip of a two-dimensional crack can be written as finds, e.g., that [8] We note further that when V1 = V2 = 1/2 (incompressible solids) that /3 = 0 and therefore in this special case the stress (and displacement) oscillations vanish and one obtains, as for a crack in a homogeneous solid
In our further discussions we shall ignore the anomalous behavior of stress oscillations or assume incompressible material response when applicable.
Having dispensed with an apparently mathematical quirk in stress analysis we turn now to a physical observation in joint fracture for which adequate mathematical analyses are not available, although the tools for such analysis exist. It is a common observation that if a cracked sheet is subjected to loads not normal to the crack the latter will not propagate along its original axis but at some angle y (cf. Figure 2 ). The same is true for cracks at an interface between two solids. For brittle or poorly ductile materials it is believed [9] that cracks will extend along a line which is normal to the direction of the locally maximum tensile stress (cf. Figure 2 [10, 11, 12] .
Consider a single crack in the threebody and two-material composite in Figure 5 [5, [13] [14] [15] [16] . It suffices for our present purposes to review the principles involved and to state the result.
When a crack propagates the high stresses at a point just ahead of the crack tip have to unload to zero as the crack tip passes that point-provided the crack surfaces are stress free and not pressurized. This unloading process is the result of the material disintegration at the crack tip through void formation [5] ; the latter process may vary with regard to size scale, sometimes visible with the unaided eye, and sometimes only under high magnification. The net result of this process is that the unloading forces at the crack tip do work while acting through the displacements of the newly created crack surfaces. If the region ahead of the crack over which material disintegration takes place is very small, then it can be shown [13, 15] Figure 6 . Note that the time-dependent description (7) of the joint fracture specializes to the time-dependent fracture of a homogeneous continuum and to the elastic cases.
ILLUSTRATION OF TIME DEPENDENT EFFECTS AND TRANSITION FROM ADHESIVE TO COHESIVE FRACTURE
Consider two viscoelastic solids bonded together imperfectly; let their time-dependent behavior be characterized by the creep compliances as shown in Figure 7 . Assuming, again for reasons of simplicity in presentation the applied loading to be such that unbonding occurs along the interface,°°
We shall subsequently deal with cases that deviate from this condition. we can use equation (7) to calculate the rate of unbonding 6 as a function of the parameter K/ylr. This relation is shown in Figure 8 . Since the stress intensity factor K is proportional to the magnitude of the applied load we see an increase in load will bring about a much more than proportional increase in rate of unbonding. This fact may be illustrated also in a more conventional way by asking how much time At is required for the unbond to grow by a small, but detectible amount oc. If the growth is so small that the stress intensity factor is not markedly affected, then we need not integrate the differential equation (7) but use the approximate relation
The result of such a calculation as derived from Figure 8 is shown in Figure  9 as the solid line, which is, upon noticing the proportionality between load and stress intensity factor K, a plot of how the applied load controls the failure time. Two general observations should be made at this point. First we note that the abscissa contains the fracture energy r. This fracture energy which can be related to the molecular bonding process is a direct measure of the joint strength. Assume we wish failure to occur at (or after) some particular time tf (cf. Figure 9 ). If we increase r, then K, and therefore the applied load, must be increased to achieve failure in the same time. Alternately, merely increasing r will increase the failure times At for comparative loads (K). Note, that a relatively small increase in r will cause a large change in the failure time. To speak of a stronger joint we must thus be aware that &dquo;stronger&dquo; can mean either a higher load at comparative timescale or longer failure times at comparative stress levels.
Second, we note that the timescale on Figure 9 , which is typical for polymeric solids, is so large that only a portion of the whole abscissa would be observed in a laboratory. However, it is well known that polymers respond to temperature changes with a change in response time [18] .0 It follows from the thermorheological behavior, whether this behavior be simple or not, that an increase in temperature shifts the failure time curve to the left, leading to apparent weakening, while the opposite is true for temperature lowering. This fact has been observed experimentally by Wegman and Tanner [19] .° It should be remembered that temperature variations set up thermal stresses in joined materials having different thermal expansion properties. These thermal stresses will produce a contribution to the stress intensity factors which in turn will affect the failure time. Although thermal stresses are very important for determining joint integrity we wish to speak here only of the thermorheological material properties.
Finally we must remark that we have considered in Figure 9 only the simplest explicit time-dependence of the jointed failure inasmuch as we have calculated only the time to propagate the crack some small (unspecified) distance. Joint failure is the result of substantial crack growth which can be calculated by integrating the non-linear differential equation (7) after the stress intensity factor K is known as a function of the current flaw size c ( t ). The latter determination is important because it combines the effect of loading and geometry to determine whether the crack accelerates [5, 15] or propagates at a steady, possibly slow speed [13] . [9] . We must therefore consider the path or direction of fracture in addition to its rate of propagation. Consider Figure 10a . If we assume that the separation occurs at the interface* then equation (7) applies directly as we had assumed earlier, except that now we should add a subscript 3 on to r. We have then Now suppose that r3 > r1 and further that the stress intensity factor does not change if the crack is situated an infinitesimal amount c away from the interface into material 1 ( cf. Figure lOb ) . Equation (7) It is easy to show that under the condition r3 > r1 the velocity of crack growth c as calculated from equation (9) will exceed that calculated from equation (8) . It would seem reasonable therefore that the crack will follow the path in material 1.
Next let us consider what happens if the loading is such that the crack propagates towards the bond line ( Figure 10c ) and let r2 > r3 > rl. We first observe that to bring about the change to go from the case of Figure lOb to that of Figure 10c Figure 12a and 12c that preferential unbonding will occur under all loading conditions at one or the other interface if the separation energies are distinctly different. However, if the separation energies arc nearly equal ( cf. Figure 12b ) then unbonding can occur along either interface depending on how high the stress intensity factor is. In other words, unbonding can occur on either interface depending on how hard one pulls on the assembly. This deduction may also be the reason for the observed phenomenon [20] that certain systems peel cleanly at a given rate (given force) while a complex or intrabond failure is observed for higher peel rates (higher peel forces).
We may now relax the condition that the structural size parameter be the same for both interfaces and demonstrate as an example the effect of a larger parameter for the rigid-polymer interface 4. This is illustrated qualitatively in Figures 12 d-f , again for the three relative values of the separation energies I'3 and r4. We see in Figure 12d that although r3 > r4, the failure may change from unbonding at the interface 3 to debonding the interface 4 
